In this study, we investigated photo-induced damage to living cells during single-and multifocus excitations for coherent antiStokes Raman scattering (CARS) imaging. A near-infrared pulsed laser (709 nm) was used to induce cell damage. We compared the photo-induced cell damage in the single-and the multifocus excitation schemes with the condition to obtain the same CARS signal in the same frame rate. For the evaluation of cell viability, we employed 4′,6-diamidino-2-phenylindole (DAPI) fluorophores that predominantly stained the damaged cells. One-and two-photon fluorescence of DAPI fluorophores were, respectively, excited by an ultraviolet light source and the same near-infrared light source and were monitored to evaluate the cell viability during near-infrared pulsed laser irradiation. We found lower uptake of DAPI fluorophores into HeLa cells during the multifocus excitation compared with the single-focus excitation scheme in both the one-and the two-photon fluorescence examinations. This indicates a reduction of photo-induced cell damage in the multifocus excitation. Our findings suggested that the multifocus excitation scheme is expected to be suitable for CARS microscopy in terms of minimal invasiveness.
Introduction
Coherent anti-Stokes Raman scattering (CARS) microscopy and the other coherent Raman scattering microscopy are now promising techniques to three-dimensionally visualize molecular species and structures of biological samples without staining [1] [2] [3] [4] [5] [6] [7] . CARS microscopy generally employs two highly synchronized picosecond mode-locked lasers to induce coherent molecular vibrations by adjusting the frequency difference of these excitation lasers (ω 1 and ω 2 ) at a molecular vibration (Ω = ω 1 −ω 2 ). The CARS signal at the anti-Stokes frequency region (ω as = 2ω 1 −ω 2 ) is generated via a coherent interaction of the one of the excitation light (ω 1 ) and the coherent molecular vibration. Since the CARS process gives a strong signal compared with spontaneous Raman scattering process, CARS microscopy has been applied for real-time imaging in vitro and in vivo [8] [9] [10] .
For further increase of the imaging speed of CARS microscopy, the maximization of excitation laser power is a critical issue. However, photo-induced damage limits the applied laser power for noninvasive real-time imaging of the CARS microscopy. In CARS microscopy employing near-infrared pulse lasers, the photo-induced damage is dominantly caused by multiphoton induced phenomena, such as multiphoton absorption, oxidation stress, and free-radical generation [11] [12] [13] [14] . The probability of the multiphoton events increases nonlinearly proportional to the peak intensity of an excitation pulse laser. Regulation of the peak intensity is thus essential for the noninvasive CARS microscopy.
To avoid the photo-induced damage, we recently developed a multifocus excitation CARS microscopy [9, 15, 16] . The multifocus excitation method forms multiple focal spots on a sample by using microlens array, and CARS signals generated at the focal spots are simultaneously observed with a two-dimensional image sensor. The total intensity of CARS signal (I CARS ) in the multifocus excitation scheme is expressed as follows:
where χ (3) , I 1 , I 2 , τ, and N are third-order nonlinear susceptibility, the intensity of excitation lasers operating at the optical frequency of ω 1 and ω 2 , dwell time and the number of focal spots, respectively. According to (1) , it is expected that the multifocus excitation method has a great advantage to prolong image exposure time proportionally to the number of focal spots and realizes high-speed CARS imaging without the increase of the excitation laser power of each focal spot. The efficacy of increasing the focal spots in one-and multiphoton microscopies has been discussed by several researchers [9, [17] [18] [19] [20] [21] [22] [23] ; however, the photo-induced cell damage in the case of CARS microscopy with the multifocus excitation scheme, which employs near-infrared pulsed laser without any dyes, has not been demonstrated yet except our preliminary work [24] .
In the present study, we sought to investigate the photo-induced damage on living cells during single-and multifocus excitations for CARS imaging. To evaluate the photo-induced damage during laser irradiation, we utilized 4 ′ ,6-diamidino-2-phenylindole (DAPI) fluorophores. The accumulation of the DAPI fluorophores inside the cells depends on the regulation state of molecular transport across the cell membrane; that is, the fluorophores hardly penetrate to the cell membrane of vital cells, while easily penetrating to that of dead and/or damaged cells. Since DAPI fluorophores specifically bind to the adeninethymine regions of DNA strands in the nucleus, resulting in an increase in fluorescence intensity, the DAPI fluorescence can be used as an effective indicator for determination of cell viability. According to such advantage of the DAPI fluorophores, we have observed fluorescence of DAPI-stained cells to examine the progression of photoinduced damage that may be caused by irradiation of a near-infrared laser light in CARS microscopy.
Materials and Methods
2.1. Photo-Induced Cell Damage Analysis. Photo-induced damage of cells was estimated by using 4 ′ ,6-diamidino-2-phenylindole (DAPI) fluorophores. The DAPI fluorophore shows a weak signal in an aqueous solution but exhibits strong fluorescence upon binding to double strand DNA in the nucleus of cells. Since the molecular transport of DAPI fluorophores across the cell membrane is regulated in vital cells, in which the uptake is suppressed and the excretion is enhanced, the vital cells are difficultly stained with DAPI fluorophores. As such, the cellular uptake regulation of the vital cells is beneficial to reduce the initiation of dyedependent cell damage even when the cells are immersed in the dye solution. When photo-induced cell damage occurs, the molecular transport of DAPI fluorophores is enhanced due to the decrease of membrane functions (Figure 1 ). Therefore, by observing the fluorescence intensity of DAPI fluorophores, we can evaluate cell viability.
Optical Setup.
The optical setup for the evaluation of photo-induced cell damage is shown in Figure 2 . A picosecond mode-locked Ti:sapphire laser (the center wavelength of 709 nm, the pulse duration of 5 ps, and the repetition rate of 80 MHz; Tsunami, Spectra-Physics) was used as a laser source for the cell damage induction. For the single-focus excitation, we used nonresonant/resonant galvano mirror pair scanner (128 lines, 125 frames/s) to scan the focal spot. For the multifocus excitation, we used a microlens array scanner (128 lines, 1000 fps). The laser beams from the optical path of the single-and the multifocus excitations were led to an optical microscope (Ti-U, Nikon) and were irradiated onto a sample via an objective lens (x40, NA 0.85, S Fluor, Nikon). The laser beam of the single-or the multifocus excitation which leads to the sample was switched by changing the mirror orientation at the optical microscope. Journal of Spectroscopy According to (1) , the condition to obtain the same CARS signals in single-and multifocus excitations is expressed as follows:
where I s , I m , and N are the excitation laser power of singleand multifocus excitations and the number of focal spots in the multifocus excitation, respectively. The number suffixes of I s and I m indicates the two laser sources generally employed in CARS microscopy. In this study, we assumed that the two laser sources were the same laser source with the intensity of I ex . Fluorescence of DAPI fluorophores at the wavelength of 460 nm with 50 nm bandwidth was observed with an EM-CCD camera (Luca, Andor). For the detection of the one-photon fluorescence signal that is usually analyzed in conventional fluorometry, the 365 nm line of a Hg lamp was additionally prepared as the excitation light source. To avoid the two-photon fluorescence contribution excited by the cell damage induction laser source, we sequentially performed the irradiation of cell damage induction laser and the fluorescence observation. In the two-photon fluorescence detection, the observation of two-photon fluorescence and the damage induction on cells was simultaneously performed using the same laser source.
To clarify the environmental effect of cell damage other than the laser irradiation, we also observed one-photon and two-photon fluorescences of DAPI fluorophores in HeLa cells with a control condition. In the evaluation with onephoton fluorescence, we did not irradiate the cell damage induction laser. In the evaluation with two-photon fluorescence, we employed the single-focus excitation scheme with low excitation laser power of 3.7 mW. Temperature of the sample stage was kept at 37°C to provide a reliable assay. For the photo-induced damage evaluation, HeLa cells were incubated on a glass-bottomed dish at 37°C in 5% CO 2 for 24 h, and then the culture medium was replaced with a pHindicator-less modified Tyrde's solution (1 mM D-glucose, 145 mM NaCl, 1 mM MgCl 2 ·6H 2 O, 4 mM KCl, 10 mM HEPES, 1 mM CaCl 2 , pH 7.4) that was maintained at 37°C with a rubber heater to avoid light absorption and unfavorable autofluorescence by a pH indicator. For the observation of fixed HeLa cells, we used 4% paraformaldehyde diluted in distilled water for the fixation of HeLa cells.
DAPI fluorophore (Sigma-Aldrich, excitation max.: 358 nm, emission max.: 461 nm) of 12.3 mM was prepared as a stock dye solution. The dye solution was dropped into the Tyrode's solution to be the desired concentration just before the measurement. Final concentration of the dye was 71.5 μm in the Tyrode's solution.
Results
Firstly, we evaluated the photo-induced cell damage with the two-photon fluorescence scheme. To evaluate the photoinduced cell damage in terms of DAPI fluorescence, we define a normalized two-photon fluorescence value S damage,TPF as follows:
where I TPF , N, and I ex are the two-photon fluorescence signal observed with an image sensor, the number of focal spots and the excitation laser power, respectively. Figure 3 shows The excitation laser power of each spot was 27.8 mW for a single-focus excitation and 14.5 mW with 7 focal spots for a multifocus excitation to obtain the same CARS signals as described in Materials and Methods. We obtained equivalent S damage,TPF value with no significant difference in both the single-and the multifocus excitation schemes, indicating S damage,TPF value is usable for the evaluation of photo-induced cell damage.
Temporal behaviors of normalized two-photon fluorescence value S damage,TPF during the laser irradiation onto individual HeLa cells were shown in Figure 4 . Laser irradiation and the mixing of the DAPI fluorophores into the culture medium were performed at 0 min. Two-photon fluorescence image was observed continuously with the averaging time of 32 ms/frame. The temporal behaviors of the diffusion of DAPI fluorophores into cell nucleus were measured with a fixed HeLa cell as shown in Figure 4 (a). The DAPI fluorophores were well diffused within a few minutes to exhibit the DAPI fluorescence at the nucleus of the fixed HeLa cells.
In the early stage of the laser irradiation within a few minutes, the temporal behaviors of the normalized twophoton fluorescence value S damage,TPF were similar in both the single-and the multifocus excitations owing to the regulation of membrane transport of DAPI molecules of undamaged HeLa cells (Figure 4(a) ). In the single-focus excitation, the normalized two-photon fluorescence values of almost half of the HeLa cells significantly increased after 5 to 10 min of the laser irradiation compared with that in the multifocus excitation. It might indicate that the membrane function of the molecular transport regulation of HeLa cells was suppressed due to the strong irradiation of laser light. In contrast, in the multifocus excitation, most of the HeLa cells exhibited the low normalized two-photon fluorescence values that was similar to the behavior of the control condition, indicating the membrane function of the molecular transport regulation of HeLa cells worked even with the laser light irradiation. These behaviors of the normalized twophoton fluorescence values in the single-and the multifocus excitations have clearly visualized the difference of the photoinduced cell damage progression, while were not obvious in the white-light transmission images (Figures 4(b) and 4(c) ). These results indicated that the single-focus excitation induced greater damage compared with the multifocus excitation, and the damage might facilitate the uptake of DAPI molecules into cells and/or inhibit the excretion of DAPI molecules without any morphological changes.
We also performed the statistical evaluation of the temporal progression of the photo-induced cell damage as shown in Figure 5 . We examined the temporal behavior of the normalized two-photon fluorescence value S damage,TPF of 12 cells for the single-focus excitation, 8 cells for the multifocus excitation and 4 cells for the control condition. Averaged normalized two-photon fluorescence values S damage,TPF of the single-and the multifocus excitations and the control condition were shown in Figure 5(a) . The averaged normalized two-photon fluorescence values of the single-focus excitation at 20 min reached to 3.0 times greater than that of the multifocus excitation. This difference might indicate the difference of the degree of the photo-induced cell damage between the single-and the multifocus excitations. The standard deviation of the single-focus excitation also increased depending on the laser irradiation time, indicating the degree of the photo-induced cell damage relatively varied among the cells.
The statistical analysis using Student's t-test was also performed. For the comparison between the single-focus excitation and the control condition ( Figure 5(b) ), the p value of the Student's t-test was beginning to fall at around 8 min after starting of the laser irradiation. Eventually, we obtained the significant difference (p < 0 01) at 16.4 min after starting of the laser irradiation. In contrast, for the comparison between the multifocus excitation and the control condition ( Figure 5(c) ), significant difference was not obtained within 20 min after starting of the laser irradiation. For the comparison between the single-and the multifocus excitations ( Figure 5(d) ), the p value of the Student's t-test was beginning to fall at around 5 min, and the significant difference (p < 0 01) was obtained at 17.2 min after starting the laser irradiation, which was almost identical to the result of the comparison between the single-focus excitation and the control condition. These results indicated that the multifocus excitation apparently reduced photo-induced cell damage compared with the single-focus excitation in the condition to obtain the same CARS signal.
We also confirmed the temporal behavior of the photoinduced cell damage with a one-photon fluorescence scheme. The one-photon fluorescence scheme employed an ultraviolet light source for the observation of one-photon fluorescence of DAPI fluorophores, while picosecond pulsed laser with the single-or multifocus excitation scheme was used as a laser source for the cell damage induction. High signalto-noise ratio observation of DAPI fluorophores would be expected in the one-photon fluorescence scheme owing to the high excitation efficiency via the one-photon process. One-photon fluorescence observation of DAPI and the near-infrared light irradiation with the single-or multifocus excitation scheme were performed sequentially. The onephoton fluorescence was observed every 2 min with the exposure time of 1 s, while the near-infrared light irradiation with the single-or multifocus excitation scheme was performed on the other time. We normalized the one-photon fluorescence intensity of DAPI as follows: Journal of Spectroscopy where S damage,OPF , I OPF , and I ex are the normalized onephoton fluorescence signal for photo-induced cell damage analysis, the one-photon fluorescence signal observed with an image sensor and the excitation laser power, respectively. Since the optical setup of the one-photon fluorescence obseritations and the control condition, the effect of the onephoton fluorescence observation on the evaluation of the photo-induced cell damage was identical in these conditions. The normalized one-photon fluorescence values S damage,OPF of the single-and multifocus excitations, and the control condition are shown in Figure 6 . As similar to the results of the two-photon fluorescence evaluation of the photo-induced cell damage, the normalized one-photon fluorescence values S damage,OPF of the single-focus excitation significantly increased rather than the multifocus excitation (Figures 6(a) and 6(b) ). However, in the condition of the irradiation laser power of 27.8 mW for the single-focus excitation and 14.5 mW with 7 focal spots for the multifocus excitation, which was the same condition of Figures 4 and 5 , the normalized one-photon fluorescence values increased relatively faster than those evaluated with the two-photon fluorescence scheme (Figure 6(c) ). This might be because of the additional effect of ultraviolet light irradiation, which was performed for the excitation of one-photon fluorescence of DAPI fluorophores. This effect was clearly observed in the control condition (Figure 6(c) ), in which the near-infrared irradiation was not performed. Furthermore, at around 25 min after starting the near-infrared laser irradiation, the normalized one-photon fluorescence value of the singlefocus excitation was beginning to fall. This might be because of the photobleaching of the DAPI fluorophores at the nucleus of HeLa cells. Although these unfavorable effects due to the ultraviolet light irradiation appeared, the lower photo-induced cell damage on the multifocus excitation than that on the single-focus excitation was also demonstrated with the one-photon fluorescence scheme by the observation of the temporal behaviors of the normalized one-photon fluorescence values.
We also compared low and high laser power irradiation conditions for the single-and multifocus excitation. For the high laser power condition, the irradiation laser power of each spot (I ex ) was set at 27.8 mW and 14.5 mW for the single-and the multifocus (7 focal spots) excitations, respectively. In contrast, the irradiation laser power of each spot Journal of Spectroscopy (I ex ) was, respectively, set at 13.3 mW and 7.0 mW for the single-and the multifocus (7 focal spots) excitations for the low laser power condition. In the high laser power irradiation condition, we obtained the significant difference (p < 0 01) at 2.0 min, 9.6 min, and 5.9 min after starting of the laser irradiation for the comparison between the single-focus excitation and the control condition, the multifocus excitation and the control condition, and the single-and the multifocus excitations, respectively. Meanwhile, the significant difference was not obtained in the low laser power irradiation condition within 40 min after starting of the laser irradiation even though the same total energy of the laser irradiation of the high laser power irradiation condition was reached with about twice of the exposure time in the low laser power irradiation condition. This result suggested that the multifocus excitation scheme was more effective for the reduction of photo-induced damage as the laser irradiation power became higher.
Discussion
Our recent study proposed a multifocus excitation scheme for CARS microscopy for high-speed molecular imaging [9] . Here, we confirmed the efficacy of the multifocus excitation CARS microscopy in terms of cell viability by utilizing DAPI fluorophores. We found a lower uptake of DAPI fluorophores into HeLa cells during the multifocus excitation compared with the single-focus excitation scheme, indicating the reduction of photo-induced cell damage in the multifocus excitation. Our findings suggested that the multifocus excitation scheme is expected to be suitable for high-speed CARS microscopy in terms of minimal invasiveness.
A multifocus excitation scheme has been applied to one-and multiphoton microscopies [9, [17] [18] [19] [20] [21] [22] [23] . Especially in fluorescence microscopy, photo-induced damage has been well characterized. In the fluorescence microscopy, the photo-induced cell damage is predominantly caused via fluorescent dyes due to thermal stress, oxidation stress, free-radical generation, and so on. In contrast, since nearinfrared picosecond pulsed lasers are employed and no dye is required, the photo-induced cell damage in the CARS microscopy is predominantly caused via the light absorption by the cell itself. Therefore, the mechanism of photo-induced damage in the multifocus CARS microscopy might be different from the multifocus fluorescence microscopy.
The photo-induced damage of CARS microscopy might be caused via multiphoton process rather than via onephoton process because of the low one-photon absorption of cells in the near-infrared region. The multiphoton process possibly induces thermal stress, oxidation stress, free-radical generation, and so on. For example, the photo-induced productions of DNA such as pyrimidine dimers and pyrimidine pyrimidone photoproducts can be initiated via the absorption of ultraviolet light at C = C double bonds in DNA that corresponds to the three-photon absorption of the nearinfrared light [25] [26] [27] [28] . Reactive oxygen species such as singlet oxygen ( light to oxygen molecules near the chromophores [29] [30] [31] . The reactive oxygen species easily react with surrounding molecules and cause an oxidative damage to proteins, DNAs, and lipids. The probability of the multiphoton events increases nonlinearly proportional to the peak power of an excitation laser, indicating the peak power of the excitation laser supposedly plays an important role of photo-induced cell damage in CARS microscopy rather than the mean power of the excitation laser. As our results show, the multifocus excitation scheme significantly reduced photo-induced damage owing to the parallel arrangement of focal spots instead of the increase of focal laser power to obtain a sufficient CARS signal.
Conclusion
In the present study, we investigated photo-induced damage on living cells during single-and multifocus excitations for CARS microscopy. By utilizing DAPI fluorophores, we revealed the advantage of the multifocus excitation scheme in terms of cell viability. Although further studies such as the dependency of sample species, pulse duration, and the number of focal spots with a large number of samples are required for the detailed characterization of the photo-induced damage in the multifocus excitation scheme, our results suggest that the CARS microscopy with the multifocus excitation scheme will be a key solution for high-speed molecular imaging while minimizing photo-induced damage.
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